Objectives: This study aimed to measure cardiac output, systemic vascular resistance, cardiac index, and systemic vascular resistance index in emergency department patients with poorly controlled hypertension; and to determine the frequency in which antihypertensive drugs prescribed do not address the predominant haemodynamic abnormality.
Introduction
Hypertension is an important risk factor for cardiovascular disease, cardiovascular events, and death. It was estimated that in the year 2000, 972 million adults in the world had hypertension, and that by 2025, this number will increase by 60%. 1 Within the US, from 2009 to 2010, 29.5% of adults were affected by hypertension, of whom only 45.1% had blood pressure (BP) under control, which is New knowledge added by this study • This is the first study to delineate the haemodynamic characteristics of Hong Kong emergency department (ED) patients with poorly controlled hypertension.
• Antihypertensive drugs prescribed in the ED did not correlate with the patient's primary haemodynamic derangement in 35% of cases.
Implications for clinical practice or policy
• A haemodynamically guided approach to drug therapy should be further investigated as it may lower blood pressure more effectively in a large proportion of patients.
below 140/90 mm Hg. 2 Uncontrolled hypertension is present in about 69%, 77%, and 74% of patients with a first myocardial infarction, patients with a first stroke, and patients with congestive heart failure, respectively. 3 Blood pressure control is an important factor in preventing or delaying the development of end-stage renal disease and congestive heart failure and also relieves symptoms associated with congestive heart failure. 4 also essential in stroke prevention. 6 Hypertension is associated with increased cardiac output (CO) and/or increased systemic vascular resistance (SVR), according to the relationship: BP = CO x SVR. 7 Clarification of the associated haemodynamic pathophysiology of hypertensive patients may allow a more tailored choice of antihypertensive drugs, resulting in more effective BP control. Patients with elevated CO may benefit more from primary treatment with agents that lower CO, while patients with elevated SVR may benefit more from primary treatment with agents that reduce SVR. This haemodynamically guided approach is feasible in the clinical setting, provided there is a simple and accurate method of measuring CO and SVR. These parameters are readily obtained non-invasively at the point-of-care by the Ultrasonic Cardiac Output Monitor (USCOM; USCOM Ltd, Sydney, Australia) that uses continuous-wave Doppler ultrasound transcutaneously to detect the velocity of blood flowing through the aortic valve or pulmonary valve. 8, 9 The time to read out is less than 3 minutes.
In current practice, doctors who encounter patients with poorly controlled hypertension are often unable to choose an antihypertensive agent with respect to the pattern of haemodynamic derangement. This is particularly relevant in the emergency department (ED) because, according to a report from the US Centers for Disease Control and Prevention and National Center for Health Statistics, BP is severely elevated (with systolic BP of ≥160 mm Hg or diastolic BP of ≥100 mm Hg) in 16.3% of ED visits. 10 We therefore aimed to investigate the haemodynamic changes in this group of ED patients with severely elevated, poorly controlled hypertension, and to determine whether antihypertensive drugs prescribed to them correlate with these changes.
This study aimed to measure the CO, SVR, cardiac index (CI), and SVR index (SVRI) in ED patients with poorly controlled hypertension. It also aimed to determine the frequency with which antihypertensive medications prescribed in the ED setting did not correspond to the predominant haemodynamic abnormality for such patients.
Methods
Our setting was an academic ED of a 1400-bed tertiary hospital in Hong Kong, with an annual ED attendance of over 150 000 cases. Patients aged 18 years or above, with systolic BP of ≥160 mm Hg or diastolic BP of ≥100 mm Hg based on two or more BP measurements at least 20 minutes apart and on two separate occasions within 2 to 14 days, were included in the study. Patients were excluded if they were pregnant or lactating, and if they presented with a hypertensive emergency such as stroke.
Patients' haemodynamic profile was obtained by using USCOM. A transducer was placed transcutaneously in either the left parasternal position to measure blood flow through the pulmonary valve, or the suprasternal position to measure blood flow through the aortic valve. The approach giving a tracing that better fulfilled the optimal Doppler flow profile characteristics was chosen. Measures of CO, CI, SVR, and SVRI were obtained by trained operators as shown in Figure 1 , with patients examined supine and after 5 minutes' resting. Stroke volume (SV) and heart rate (HR) were measured by USCOM, with CO calculated as the product of SV and HR; SVR was then obtained according to the relationship: SVR = mean arterial pressure/CO. The SVRI and CI are SVR and CO respectively normalised for body surface area.
For the purpose of recruiting patients, BP was measured with an appropriately sized cuff using a standard oscillometric device with the patient in a sitting position, unless precluded by physical condition, according to the US National Heart, Lung, and Blood Institute recommendation. 11 After prospective patients had been recruited, for the purpose of haemodynamic calculations, the supine position was used for BP measurement just before the acquisition of haemodynamic data, according to standard operating instructions and specifications of the machine. This supine BP reading was manually entered into the USCOM device for subsequent computations. Demographic, anthropometric, and clinical data such as co-morbidity and current medications were also collected and entered into a database. The ED physicians were blinded to the haemodynamic profile of patients and all antihypertensive medication changes were documented. These ED doctors did not follow any particular set of practice guidelines or study protocol when they made medication changes, but managed each individual case according to their own clinical judgement, as they would in their everyday practice. All patients were recruited from 9:00 am to 5:00 pm, Monday to Friday, over a consecutive 9-month period. They were followed up as clinically indicated within 2 to 14 days. This was essentially a single-centre cross-sectional study as far as the first objective was concerned. The prospective observational follow-up assessments ensured that patients with elevated BP who fulfilled the inclusion criteria at the first visit, but whose elevated BP was not sustained at the followup visit, could be excluded from the study. Approval from the Clinical Research Ethics Committee of the authors' institution was obtained prior to study commencement. All patients gave written consent to participate with full knowledge of the nature of this research.
Statistical analyses
The primary outcome measure was the CO estimated by USCOM. Although our literature search failed to identify any USCOM-derived range for CO values in hypertensive patients, the reference range for healthy subjects aged 16 to 60 years is reported to be 3.5 to 8.0 L/min. Assuming that this follows a normal distribution, with the upper and lower values defining the 95% confidence interval, the standard deviation (SD) was calculated to be 1.13. The total width of the confidence interval desired was 0.4 L/min. For a confidence level of 95%, the required sample size was thus estimated to be 126. 12 Continuous variables were analysed using unpaired 2-tailed t test or paired t test where appropriate, and categorical data were analysed using the Chi squared test or Fisher's exact test. Stepwise logistic regression analysis was used to identify independent predictors of patients with elevated CO, CI, SVR, and SVRI. 
Evaluation of the correlation between haemodynamic profile and antihypertensive drug
The second part of the study was a retrospective review of prospectively collected data. We investigated five different classes of antihypertensive drugs: angiotensin-converting enzyme (ACE) inhibitors, angiotensin II receptor blockers (ARBs), calcium channel blockers (CCBs), beta blockers, and diuretics. Each patient's antihypertensive medication was assessed against a theoretical model of guidance based on measured haemodynamic abnormality of the patient. The protocol is illustrated in Table 1 , and shows the types of haemodynamic change, the corresponding optimal antihypertensive drug selection, and the criteria by which the actual drug selected would not correspond to the primary haemodynamic characteristics. For each case in which antihypertensive drugs were identified as not correlating with the primary haemodynamic abnormality, the case notes were reviewed to ensure that the choice of medication was not influenced or limited by known drug allergies or a history of adverse drug reactions to the more appropriate drug class.
Results
Of 232 patients who were assessed for the study, 68 patients were excluded (9 defaulted follow-up, 54 with BP <160/100 mm Hg at follow-up, and 5 with unsuccessful USCOM measurements), leaving a total of 164 patients. Table 3a ]. Patients with elevated SVRI (n=72) compared with those with normal or low SVRI (n=92) were more likely to be male (51.4% vs 32.6%; P=0.015), younger (mean age ± SD, 64.9 ± 13.5 years vs 72.1 ± 14.9 years; P=0.002), have higher body weight (65.7 ± 11.8 kg vs 58.6 ± 12.0 kg; P<0.001), and significantly higher BMI (26.5 ± 4.4 kg/m 2 vs 24.4 ± 3.9 kg/m 2 ; P=0.001) [ Table 3b ].
Using stepwise logistic regression analysis, independent predictors of elevated CI were: age >70 years (odds ratio [OR]=2.80; 95% confidence interval, 1.11-7.05) and female gender (5.64; 1.81-17.5) after the model was adjusted for current smoker, diabetes, heart disease, hypertension, and stroke. Age above 70 years was an independent negative predictor of elevated SVRI with an OR of 0.32 (95% confidence interval, 0.16-0.61) after the model was adjusted for sex, current smoker, diabetes, heart disease, hypertension, and stroke. Doctors in ED initiated or added antihypertensive medications in 71 (43.3%) of the 164 cases. These were given as a new prescription in 20 cases, as adjustment of usual medication regimen in 48 cases, and as resumption of omitted treatment in three cases. The added drugs were given as monotherapy in 22 cases, and as combination therapy in 31 cases. In 22 cases, the dosage of existing drugs was increased. The drugs were all prescribed until follow-up. Of these 71 cases, 25 (35.2%; 95% confidence interval, 24.5-47.5%) were prescribed agents that did not correspond to the primary haemodynamic derangement. Chart review for each of these cases showed that the choice of medication was not influenced or limited by known drug allergies or a history of adverse drug reactions to the appropriate drug class. Table 4 shows how the choice of medication did not correlate with haemodynamic abnormalities in these 25 patients. The most frequent cause or scenario occurred in patients with elevated SVR or SVRI who were given antihypertensive drugs other than ACE inhibitors, ARBs, or CCBs. There were 11 such cases, representing 15.5% (95% confidence interval, 8.9%-25.7%) of the 71 cases in which medications were adjusted.
Discussion
Blood pressure control is an important and costeffective means of reducing cardiovascular events, with their associated work absenteeism, loss of productivity, and hospitalisations. [4] [5] [6] 14 According to the relationship that BP = CO x SVR, the pharmacotherapy of hypertension may be much improved by delineating and targeting the associated primary haemodynamic derangements that can be a relative elevation of CO or SVR or both. Just as the latest US and UK national guidelines for the management of hypertension have both recommended selection of antihypertensive agent based on associated factors such as age, ethnicity (black population) and co-morbid illnesses (chronic kidney disease and heart failure), selection based on haemodynamic pattern may also be considered in order to optimise BP control. 15, 16 It has been shown that guiding antihypertensive therapy using haemodynamic parameters measured by impedance cardiography results in improved BP control in the primary care setting. 17, 18 This same approach also improved BP control for patients with resistant hypertension in a hypertension specialty clinic. 19 Although these studies were promising, their results might not be extrapolated to the ED setting. To the best of our knowledge, our study is the first in indexed literature to delineate the pathophysiologic haemodynamic patterns of hypertensive patients in the ED setting upon which future research can be based.
In our study, there were approximately 4 times as many patients with elevated SVR as elevated CO, and slightly more than twice as many patients with elevated SVRI than with elevated CI. Approximately one third of patients with deranged haemodynamic parameters (32/104) have elevated CI. Thus, the proportion of patients with elevated CO or CI, although less than patients with elevated SVR or SVRI, is still considerable. For these patients, antihypertensive therapy that aims to reduce CO may in theory be more effective than other agents. Diuretics and beta blockers, which primarily act to reduce CO, may therefore still play important roles. Nevertheless the current UK guidelines have not included diuretics and beta blockers as firstline drugs; while the current US guidelines have not Abbreviations: bpm = beats per minute; CI = cardiac index; CO = cardiac output; HR = heart rate; SVR = systemic vascular resistance; SVRI = systemic vascular resistance index Combination of (1) and (4) 1 (4) Combination of (2) and (3) 1 (4) Abbreviations: ACEI = angiotensin-converting enzyme inhibitors; ARB = angiotensin II receptor blockers; CCB = calcium channel blockers; CI = cardiac index; CO = cardiac output; SVR = systemic vascular resistance; SVRI = systemic vascular resistance index
included a beta blocker as a first-line drug. 15, 16 In contrast, both the current European and Canadian hypertension guidelines retain diuretics and beta blockers as first-line options, and the results from our study appear to support this. 20, 21 In this study setting, patients with elevated CI were more likely to be older, female, and have lower body weight, height and BMI, while those with predominantly elevated SVRI were more likely to be younger, male, and have higher body weight and BMI.
For patients included in our study, the initiation of pharmacologic treatment was in keeping with the latest US National Heart, Lung, and Blood Institute recommendations. 15 Doctors in ED needed to initiate or step up therapy in 43% of patients in this study. Of these, about 35% were given an antihypertensive drug that did not correlate with their underlying haemodynamic abnormality. These results suggest that using non-invasive haemodynamic measurements to guide treatment in the ED may optimise the choice of medication for hypertensive patients. Studies have shown that emergency physicians cannot accurately estimate the underlying haemodynamic profile of acutely ill patients. 22, 23 There are several non-invasive haemodynamic measuring devices available on the market. The Nexfin (BMEYE, Amsterdam, The Netherlands) utilising a finger-cuff technology based on the pulse-contour method can also be conveniently applied in the ED setting. 22, 23 As for impedance cardiography, some work has already been done in ED patients with congestive heart failure and non-ED patients with hypertension; nonetheless more work still needs to be done in ED hypertensive patients. [17] [18] [19] 23 
Limitations
It is important to acknowledge that to date, there has been little evidence that, in the ED setting, adjusting antihypertensive medications based on haemodynamic parameters can improve long-term BP control or cardiovascular outcome. There are two other limitations to our study. First, as this study was designed for and conducted in the ED setting, patients may often have presented with injury, pain, anxiety, infections, fever, and other factors that could give rise to transiently elevated BP up to 160/100 mm Hg or above. White coat hypertension is also a potential source of bias. This is indeed the same kind of clinical scenario that ED doctors in practice need to manage, in which the elevated BP often requires further observation before a decision for drug intervention can be made. In our study protocol, this period of observation ranged from 2 to 14 days, and we excluded patients with severely elevated BP that was not sustained. As a result, 54 (23%) of the 232 initially recruited patients were excluded. We believe that by obtaining BP measurements on two separate occasions, we have excluded most of the patients affected by factors causing transient hypertension. We did not choose a hypertension out-patient clinic to recruit our subjects because our intention was to obtain results that can be directly relevant for ED doctors. Second, many patients who present to the ED are already on concomitant antihypertensive drugs that can affect their haemodynamic values. Although we were aware of this confounding factor, we did not aim to study the correlation, nor did we subject our study patients to drug washout periods. In our study, 121 (74%) patients were on concomitant medications that might influence haemodynamic values. Regardless of whether or not patients are already on antihypertensive medications, defining haemodynamic derangement would still be valuable in guiding decision-making for the choice of antihypertensive drug at the point-of-care, be it introducing a first-line drug, adding a different drug for combination therapy, or increasing the dose of an existing drug.
Conclusions
This study identified the profile of haemodynamic characteristics in Hong Kong ED patients with poorly controlled hypertension. Antihypertensive drugs prescribed in the ED did not correlate with the patient's primary haemodynamic derangement in approximately 35% of cases. Therefore, a potential exists for optimising treatment by a haemodynamically guided approach to drug selection. A randomised controlled trial is needed to prove if such an approach will indeed result in better BP control, achievement of haemodynamic normalisation, and better outcomes.
